1. Introduction {#s0005}
===============

The human gut microbiota encompasses the entire population of microorganisms viz. bacteria, fungi, archaea, viruses and protozoa that are colonized in the gastrointestinal tract [@bb0005], [@bb0010]. The gut microbes are tenfold higher than human cells and the coding capacity of the gut microbiota commonly referred to as "microbiome", is almost hundred times higher in numbers [@bb0015]. The gut microbiota in the human colon is primarily comprised of bacteria of four phyla namely *Firmicutes*, *Bacteroidetes*, *Proteobacteria* and *Actinobacteria* in the relative abundance order of *Firmicutes*≥*Bacteroidetes*\>*Proteobacteria*≥*Actinobacteria* [@bb0020]. Alongside these, *Verrucomicrobia*, *Fusobacteria*, *Bacteroides*, *Ruminococcus* and *Prevotella* are considered as minor contributors [@bb0020]. The gut microbiota also contains several bacterial communities that include *Clostridium spp*, *Roseburia spp*, *Butyricicoccus* and lactic acid bacteria (*Lactobacillus* and *Bifidobacterium*) [@bb0020]. Apart from the bacterial communities, the human gut microbiota is embodied with the virome principally comprised of different phages such as double-stranded and single-stranded DNA bacteriophages belonging to *Myoviridae*, *Podoviridae*, *Siphoviridae* and *Microviridae* family [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045]. These phages infect bacteria of *Firmicutes*, *Bacteroidetes, Proteobacteria* and *Actinobacteria* families and regulate their activity by altering the microbial population ratio [@bb0045]. Interestingly, each individual has its own phage community and is important for maintaining normal physiology, immunity, and prevention of disease progression in the host body [@bb0050]. The notion about the presence of a beneficial gut virome in humans was introduced lately though the presence of the pathogenic ones (Rotavirus, Astrovirus, Hepatitis E virus, Coronavirus, Adenovirus, Torovirus) has been widely accepted for decades [@bb0050].

These microbes stay in the human body from birth to death and regulate several important physiological processes like protective, metabolic, trophic and immune functions [@bb0055], [@bb0060], [@bb0065]. The major metabolic functions of the colonic microbes (*Escherichia*, *Bacteroides, Eubacterium, Propionibacterium, Fusobacterium, Bifidobacterium*) include fermentation of non-digestible carbohydrates (polysaccharides, oligosaccharides and sugar alcohols) [@bb0070], [@bb0075], synthesis of certain vitamins (e.g., vitamin B12) [@bb0080] and also synthesis of short chain fatty acids (SCFAs, butyrate, propionate andacetate to stream energy to the colon and host) [@bb0085], [@bb0090]. SCFAs released from the gut microflora regulate colonic physiology by modulating epithelial cell proliferation and differentiation in the intestine and also influence intestinal barrier function [@bb0090], [@bb0095], [@bb0100]. The metabolites released by gut microbes also modulate the metabolic activity of different tissues and organs in the human host such as upregulation of lipid metabolism in adipocytes by inhibiting lipases [@bb0105], [@bb0110], [@bb0115] and lipid digestion in the pancreas by upregulating pancreatic lipase activity [@bb0005]. The microbial protein metabolizing machinery constituting proteinases and peptidases plays an important role in regulating the amino acid pool and can supplement human proteinases [@bb0005], [@bb0085], [@bb0120]. The microbial amino acid metabolism pathways yield various bioactive small signaling molecules and antimicrobial peptides [@bb0085], [@bb0125]. Various signaling molecules from gut microbes can efficiently regulate the function of important human organs viz. cognitive functions of the brain, metabolic functions of the liver and the pancreas [@bb0130]. The capability of metabolizing xenobiotics and drugs is another important functional attribute of the gut microbiota which exerts a profound impact on various human diseases including diarrhea, inflammation, and anorexia as well as cancer [@bb0125], [@bb0135], [@bb0140]. The gut microbiota potentially functions in conferring protection to exogenous pathogenic microorganisms by inhibiting their colonization employing multiple mechanisms out of which competition for limited nutrients and modulation of host immunity are crucial [@bb0145], [@bb0150], [@bb0155], [@bb0160].The resident bacteria resist colonization of gut pathogens to prevent their invasion through intestinal mucosa/epithelial cells [@bb0145], [@bb0165], [@bb0170], [@bb0175] while commensal bacteria compete with nutrients in ecological niches to hamper the microenvironment of the invading pathogens [@bb0180]. In addition, the gut microbiota inhibits the passage of the harmful foreign antigens, microbes, and their toxins by promoting the formation of the intestinal epithelial barrier [@bb0185]. Another striking feature of the gut microbiota is the immune functioning that is, in part, executed through the regulation of mucosal immunity and the impact of these immune responses are extended to almost all parts of the human body [@bb0190].

The composition and functions of human gut microbes are greatly influenced by genetic, physiological, nutritional, environmental and geographical parameters, particularly age, diet, stress, and drugs [@bb0195]. The protective functions of the gut microbiota often damaged due to the perturbation by any of the aforementioned factors or by other external factors lead to one or several pathogenic transformations in the host body that result in several life-threatening diseases [@bb0200], [@bb0205], [@bb0210]. Dysbiosis, i.e., breakdown of microbial communities, has been implicated as a cause for several acute and chronic problems such as inflammatory bowel disease, irritable bowel syndrome, metabolic diseases such as obesity, diabetes, allergic diseases, neuro-developmental illness and life-threatening infectious diseases ranging from microbial infections to multicellular parasitic infections [@bb0215], [@bb0220], [@bb0225], [@bb0230], [@bb0235]. The reestablishment of a healthy microbiota in the gut (eubiosis) by supplementing with the pre- and probiotics is now considered as an effective choice to treat several disorders resulting from the damage of the gut microbiota [@bb0240], [@bb0245]. Herein, the breakthrough findings achieved by presenting the gut microbes as future therapeutics for treating pathogenic infections and current trends in gut microbial research have been reviewed by incorporating the existing and upcoming approaches.

2. Gut microbiota and human diseases {#s0010}
====================================

The extraordinary progress in gut microbiota research has clarified the essential roles of the gut microbial community in governing the fundamental physiological roles in the human physiology and disease which have provided a new dimension for basic and translational research to understand the complexity of host-microbe interactions and to adopt effective means to manipulate it for treating the human health problems. Several human health issues have been found closely associated with the perturbations of the composition of the gut microbiota especially the intra- and interpersonal variations in the microbial consortium amongst the individuals. Alike genetic polymorphism, alterations in the genetic makeup of microbial communities of the human microflora can cause a disease or facilitate its pathogenesis (as reviewed in [@bb0250]). Therefore, a clear understanding of microbial communities is of major importance. The changes in the composition of the gut microbiota i.e. the increased or decreased abundance of some of the specialized microbes, can lead to the immune dysfunction and changes in the regulatory responses causing several inflammatory and infectious disorders. The composition of the normal gut microbiota of humans, their functions, and associated health issues have been discussed in [Fig. 1](#f0005){ref-type="fig"} and [Table 1](#t0005){ref-type="table"} .Fig. 1Human gut microbes and their physiological functions. Gut microbes and their metabolites regulate physiology, development and immune functioning of the human gut epithelium. \[*1*\] Gut microbiota confers protection against pathogens through four different mechanisms viz. \[i.\] direct inhibition of growth and colonization of the pathogens by competing with the nutrients and available space; \[ii.\] modulation of the immune responses that act against the pathogens but not against the beneficial gut microbes of the human host; \[iii.\] formation and maintenance of the mucosal barrier that restricts the entry of the invading pathogens; \[iv.\] utilization of nutrients available in the gut to control the growth of pathogenic organisms and repair of the damaged tissue \[*2*\] Gut microbiota regulates the brain function through the gut-brain axis governing modification of nervous system and \[*3*\] cognitive function; \[*4*\] Gut microbiota influences the metabolic and the biochemical functions of the liver through establishment of the liver-microbiome axis; \[*5*\] Gut microbiota can regulate the cardiac function and physiology; \[*6*\] Gut microbes potentially regulate the immune surveillance of the lungs through the gut-lung axis; \[*7*\] Gut microbes play essential roles in the maintenance of renal physiology and immunity; \[*8*\] Gut microbiota maintains healthy prostate and prevents development of cancer; \[*9*\] Gut microbiota regulates the tone of lipid metabolism and insulin homeostasis.Fig. 1Table 1Organ specific localization of gut microbes in human gastrointestinal tract, their functions and associated diseases.Table 1OrganNameNormal function within GI tractAssociated DiseaseReferencesEsophagus*Bacteroides sp*\
*Pseudomonas sp*\
*Rothia sp*\
*Streptococcus sp*\
*Veillonella sp*\
*Streptococcus sp*\
*Gemella sp*Flavanols, Lignins degradationType II diabetes, ulcerative colitis pouchitis, Crohn's disease, Coeliac disease[@bb0255]Stomach*Lactobacillus sp*Folic acid, lactase production, stabilization of intestinal microflora and exclusion of pathogenic bacteria. De-conjugation of bile acids and its hydrolysis, reduction of cholesterol level, decrease risk of colon cancer, tumor suppressor function, modulation of HDL and LDL ratio.Infection of urogenital and intestinal tracts, prevents *Candida albicans* and other microbes.[@bb0260]*Prevotella sp*Glucose metabolismChronic inflammation in individual infected with HIV, Rheumatoid arthritis[@bb0265], [@bb0270], [@bb0275]*Enterococcus sp*Flavanols, Flavones degradationUrinary tract infection, bacteremia, endocarditis and meningitis[@bb0280]*Helicobacter pylori*Prevents gastro esophageal reflux disease, esophageal adenocarcinoma.Chronic inflammation in stomach and duodenum.[@bb0285]*Bacteroides sp*Flavanols, Lignins degradationType II diabetes, ulcerative colitis pouchitis, Crohn's disease, Coeliac disease[@bb0290]*Bifidobacterium sp*Carbohydrate digestion by glycosyl hydrolases, metabolize milk oligosaccharides in infants Colon regularity, prevents gastrointestinal infections.Colorectal cancer, diarrhea, necrotizing colitis, Inflammatory bowel disease[@bb0295], [@bb0300], [@bb0305]Small intestine*Clostridium sp*Flavanones, Flavan-3-ols, Lignins degradation\
Synthesis of vitamin K and B12, biotransformation of bile acids, degradation of dietary oxalates, carbohydrate and amino acid metabolism, release butyrate, anti-inflammatory environment of the intestine, normal function of colonocytes generation of catecholamines nor epinephrine and dopamine generation of αβ T cell receptor intraepithelial lymphocytes, IgA.Colitis, colorectal cancer, Inflammatory bowel disease, microbial dysbiosis[@bb0310]*Streptococcus sp*-Sepsis, diabetes mellitus, cardiovascular diseases, congestive heart failure, obesity[@bb0315]*Lactobacillus sp*Production of folic acid, lactase, stabilization of intestinal microflora, exclusion of pathogenic bacteria,\
Deconjugation of bile acids and its hydrolysis, reduction of cholesterol level, decrease risk of colon cancer, tumor suppressor function, modulation of HDL and LDL ratio.Infection of urogenital and intestinal tracts, prevents *Candida albicans* and other microbes[@bb0320]*Proteobacteria*-Diarrhoea-predominant IBS, dysbiosis, Crohn's disease[@bb0325], [@bb0330]*Lachnospira sp*pectin degraders, colonic fermentation of dietary fibers.Colon cancer, asthma[@bb0335]*Escherichia coli*Prevent the colonization of pathogenic strains of microorganisms,\
Vitamin K production.Opportunistic diseases, gastroenteritis, urinary tract infections, neonatal meningitis, hemorrhagic colitis, and Crohn\'s disease[@bb0340]Cecum*Roseburia sp*saccharolytic, butyrate-producing bacterium, prevents ulcerative colitis.Weight loss and reduced glucose intolerance, irritable bowel syndrome, obesity, Type 2 diabetes, nervous system conditions and allergies[@bb0345], [@bb0350]*Butyrivibrio sp*Tannins degradation,\
butyrate production, Fibre degradation, protein breakdown, bio hydrogenation of lipids and the production of microbial inhibitors.Enterocolitis[@bb0355], [@bb0360], [@bb0365]*Ruminococcus sp*digest resistant starches, reduce risk of diabetes and colon cancer.Irritable bowel syndrome[@bb0370], [@bb0375], [@bb0380]*Fecallibacterium sp*butyrate and other short-chain fatty acids generation through the fermentation of dietary fiber.Crohn\'s Disease, obesity, asthma and Major Depressive Disorder[@bb0385], [@bb0390], [@bb0395]*Fusobacteria sp*-Colon cancer, ulcerative colitis.[@bb0400]Colon*Porphyromonas sp*-Atherosclerosis[@bb0405]*Eubacterium sp*Flavanols, Lignins degradation, cleavage of polyphenolic glycoside, deglycosylating certain flavone *C*-glucosides and of hydrolyzing *O*-glucosides of flavones and isoflavones, glucose utilization and fermentation of intermediates acetate and lactate, to form butyrate and hydrogen. Oxalate catabolizing species.Bacterial vaginosis in women, UC pouchitis[@bb0410], [@bb0415], [@bb0420]*Enterobacterium sp*-Maternally transmitted colitis, Acute cholecystitis.[@bb0425], [@bb0430]*Peptostreptococcus sp*Lignins degradationBrain, liver, breast, and lung abscesses, as well as generalized necrotizing soft tissue infections. They participate in mixed anaerobic infections.[@bb0435]

2.1. Gastrointestinal diseases {#s0015}
------------------------------

Dysregulation of the immunological homeostasis is the cause of more than 100 life-threatening human diseases to date [@bb0335], [@bb0440]. Since gut microbiota controls the immunological homeostasis, 'dysbiosis' is therefore proven to induce and promote several gut-associated diseases primarily alongside diseases in other body parts of the human [@bb0335], [@bb0440]. Inflammatory bowel disease (IBD) is one of the very common and debilitating problems of modern age humans characterized by the induction of inflammation and subsequent development of mucosal lesions [@bb0445], [@bb0450]. The pathogenesis of IBD is mainly caused by the perturbation of normal gut microbial communities [@bb0005], [@bb0455]. The loss of bacteria belonging to the *Firmicutes* phylum and abundance of some Gammaproteobacteria, collectively impair the mucosal immune response to normal bacterial flora and disrupt regulatory functions of T-lymphocytes playing a key role in inducing chronic intestinal inflammation to develop IBD [@bb0005], [@bb0455], [@bb0460], [@bb0465]. The loss of diversity in fecal communities has been consistently shown in IBD cases and on an average, 25% fewer microbial genes could be detected in the fecal community of IBD patients [@bb0470], [@bb0475], [@bb0480]. The most prominent change in the microbial diversity associated with IBD is the decreased abundance of *Firmicutes* phylum that includes loss of *Faecalibacterium prausnitzii*, a bacterium that maintains inflammatory homeostasis of the gut with its potential anti-inflammatory effect [@bb0455]. *Bacteroides fragilis*, *B. vulgatus*, *Ruminococcus albus*, *R. callidus* and *R. bromii* are also considered as the influential members of the gut microbiota in healthy subjects, however, IBD patients display more than fivefold depletion in these microbial loads [@bb0485]. Conversely, the specific taxa that are increased in IBD patients include *Enterobacteriaceae*, such as *Escherichia/Shigella* [@bb0455], [@bb0490].

Irritable bowel syndrome (IBS) is characterized by abdominal pain or discomfort and altered bowel habits. Although the etiology is multifactorial, recent understanding of the pathophysiology of IBS revealed that variations in the normal gut microbiota may play a critical role in the low-grade intestinal inflammation associated with the syndrome [@bb0330], [@bb0495], [@bb0500]. Gut dysbiosis is thought to be involved in IBS pathogenesis through facilitating the adhesion of pathogens to the bowel wall [@bb0505]. IBS patients are characterized by an increase in *Firmicutes* (*Ruminococcus, Clostridium,* and *Dorea*), depletion in *Bifidobacterium* and *Faecalibacterium spp.* [@bb0510] along with an abundance of *Firmicutes* to *Bacteroidetes* ratio [@bb0515], [@bb0520], [@bb0525]. Pediatric IBS patients demonstrate alterations amongst the members of *Firmicutes* and *Proteobacteria* like adults. In addition, low levels of the genus *Bacteroides* and increases in *Alistipes* were also linked with a greater frequency of pain in the pediatric patients [@bb0330], [@bb0530]. Celiac disease (CD) is another inflammatory systemic disorder of gut characterized by high proinflammatory responses following tissue damage in response to gluten proteins present in the human diet [@bb0535]. The gut microbiota plays a profound role in regulating the pathogenesis of CD. Intriguingly, a change in the microbial consortium in infants is considered as a key reason to develop CD in adulthood [@bb0535].

2.2. Cancer {#s0020}
-----------

The ability of the gut microbiota to modulate host physiology, metabolism as well as differentiation and functioning of immune cells, is linked with the establishment of a pro-inflammatory or anti-tumor milieu [@bb0540]. Certain strains of the gut microbes and their by-products (hydrogen sulfide) have been reported to be associated with the development and progression of cancers in intestinal and extra intestinal tissues [@bb0545], [@bb0550]. For example, pathogenic cyclomoduling-positive *E. coli* strain was reported for promoting the pathogenesis of colorectal cancer [@bb0555]. Similarly, the enterotoxigenic *Bacteroides fragilis* strain possesses direct oncogenic effects on intestinal epithelial cells [@bb0560]. The factors corresponding to dysbiosis viz. pathogenic foreign organisms in the gut, commensals, environmental factors (antibiotics, xenobiotics, smoking, hormones, and dietary influences etc.) are accompanied with the development and progression of intestinal or extraintestinal neoplasms [@bb0565]. Moreover, intra-abdominal infections, robust use of antibiotics leading to the alteration of gut microbial composition may work in concert for the incidence and progression of colorectal carcinoma, and extraintestinal cancers (breast and hepatocellular carcinoma) [@bb0545], [@bb0555], [@bb0565], [@bb0570], [@bb0575], [@bb0580], [@bb0585] predominantly through the dysregulation of inflammatory and metabolic circuits. Several current studies that assessed beta diversity through 16S rRNA sequencing have illustrated structural differences amongst the gut microbiota, where samples belonging to different disease status (cancer, adenoma, or control/normal adjacent tissue) cluster in different two-dimensional spaces indicating the presence of dysbiosis [@bb0590], [@bb0595], [@bb0600]. Analysis of community diversity/richness indices has also shown a significant reduction in the microbial diversity in the feces of colorectal patients in comparison to the healthy controls [@bb0595]. The mechanism of cancer progression relies on the manifestation of the genomic and epigenomic instability [@bb0605]. The genetic abnormalities in the intestinal immune system also play a significant role in the neoplastic transformations [@bb0145]. Deficiency or mutation of activation-induced cytidine deaminase results in deficiency or dysfunction of IgA promoting dysbiosis [@bb0145]. On the otherside, the epigenetic modification (hypermethylation) of CXXC-chemokine ligand 16 gene results in the accumulation of intestinal NKT cells that promote the development of colitis [@bb0610]. Microbial metabolites (H~2~S, N-nitroso compounds, polyamines, and equol) have direct effects on DNA such as the development of microsatellite unstable or chromosomal unstable tumors and modulation of DNA repair system through modifications of histone proteins by acetylation or CpG island methylation [@bb0615], [@bb0620]. The microbial products also possess the potential to suppress cancer progression. 3-methylbutyrolactone, kynurenic acid, and 3-methyladenine from *Lactobacillus johnsonii* have been reported to reduce the gene damage and inflammation by altering the central carbon metabolism that ultimately plays a beneficial role in cancer prevention [@bb0625].

Gut microbes are essential regulators of the functions of the anticancer drugs, especially the platinum-based chemotherapeutics that primarily acts through the formation of DNA adducts and breakage of the double stranded DNA. In GF mice or mice depleted of gut commensals, the platinum-based anti-cancer drug can form platinum-DNA adducts but the DNA damaging effect of the drug is dramatically reduced [@bb0540]. Moreover, the activity of several anticancer drugs significantly decreases in absence of the commensal microbes (reviewed in [@bb0540]).

2.3. Metabolic diseases {#s0025}
-----------------------

Obesity and associated inflammatory disorders, as well as metabolic abnormalities collectively known as metabolic syndrome comprised of hyperglycemia, hyperlipidemia, insulin resistance/diabetes, obesity and hepatic steatosis, are currently considered as the major threats to human civilization [@bb0630], [@bb0635]. An imbalance in the energy uptake and energy expenditure is considered as the major cause behind these complex metabolic abnormalities [@bb0640], [@bb0645]. Although the lifestyle and genetic factors are also considered as the influential determinants of obesity, recent research exploring physiological significance on the gut microbiota suggested it to be a key environmental factor that influences the metabolic syndrome [@bb0640], [@bb0645]. Another striking feature of the gut microbiota is the heritability that links abundance of the specific gut microbial taxa to the host genetics [@bb0650] and amongst the heritable taxa, *Firmicutes* phylum is associated with leanness [@bb0235]. Composition of the gut microbiota is influenced by host genetics and can impact host metabolism [@bb0655]. Diet-induced perturbation of gut microbial composition [@bb0660] results in an increase in the ratio of *Firmicutes* to *Bacteroidetes* as well as a marked reduction in the bacterial diversity. These features of the gut microbiota promote obesity in both genetic- and diet-induced mouse models [@bb0665], [@bb0670] and in clinical obesity [@bb0670], [@bb0675], [@bb0680]. In particular, antibiotic-induced disruption of the gut microbiota in early life increases the risk of childhood obesity [@bb0685], [@bb0690], [@bb0695]. Hitherto, studies conducted on the relative influence of the gut microbes in obesity indicated that the relationship between the obesity and human gut microbiota is highly complex and difficult to interpret [@bb0230]. However, it is clear that a change in the composition of the gut microbiota is associated with obesity [@bb0670], [@bb0700].

2.4. Allergies {#s0030}
--------------

Allergic diseases are global health concerns affecting over half a billion people worldwide. Several genetic, molecular and environmental risk factors are associated with the development of allergies including the gut microbiota. The gut microbiota is considered a crucial environmental factor playing a key role in regulating the severity of allergic diseases [@bb0705]. Reduced gut microbial diversity has been reported to increase the risk of allergy in school children and in most of the cases, it is food allergy [@bb0710]. A recent study has shown that depletion of bacteria like *Bifidobacterium, Akkermansia,* and *Faecalibacterium,* along with an abundance of fungi such as *Candida* and *Rhodotorula* in neonates, may predispose to allergic susceptibility by influencing T-cell differentiation [@bb0235]. Furthermore, a study by the Canadian Healthy Infant Longitudinal Development (CHILD) identified a transient alteration in the gut microbiota associated with the reduced abundance of bacteria belonging to *Lachnospira, Veillonella, Faecalibacterium* and *Rothia* genera during the first 100 days of life in the infants found to increase the risk of asthma [@bb0230]. Moreover, induction of allergic responses (mostly in children) after consumption of antibiotics like penicillin has also been documented [@bb0715]. The depletion of gut microbiota in mice through the oral administration of antibiotic vancomycin has been reported to promote susceptibility to allergic airway inflammation (AAI) and serum IgE response [@bb0235], [@bb0720], [@bb0725]. Colonization of GF mice with the aforementioned microbes ameliorated AAI in offspring which demonstrates a causal role of the bacterial communities in reducing susceptibility to allergy [@bb0235]. The gut microbiota of infants having cow's milk allergy is different in composition and diversity than that of the non-allergic infants [@bb0730]. Studies have suggested that dysbiosis also plays a key role in the onset and pathogenesis of several inflammatory autoimmune disorders including rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus (SLE), type-I diabetes, and Crohn's disease [@bb0735], [@bb0740], [@bb0745]. The functional role of the gut microbiota in regulating pathogenesis of inflammatory diseases has been depicted in [Figs. 2](#f0010){ref-type="fig"} and [3](#f0015){ref-type="fig"} .Fig. 2Gut microbes induced modulation/perturbation of the inflammatory homeostasis in human. Gut microbes can directly sensitize the gut epithelium associated antigen presenting cells for inducing proinflammatory response directly by enhancing the proinflammatory cytokine production and/or polarizing the naive T cell towards Th1 and Th17 phenotypes. The metabolites (largely the short chain fatty acids (SCFAs)) released from the gut microbes bind to the intestinal free fatty acid receptors (like GPR43) and induces the expression of FoxP3 to signal polarization of regulatory T cell (Treg) response. This Treg response plays a crucial role in inhibiting the inflammatory responses resulted from the pathogenic infections or the inflammatory disorders/autoimmunity and also maintain the immune homeostasis in the gut. SCFA like butyrate acts as a ligand for the immunoregulatory receptors (like GPR109a) on the macrophages and drives the polarization of M2 macrophages (anti-inflammatory phenotype of macrophage) that secrete anti-inflammatory cytokines (IL-10, TGF-β). These anti-inflammatory cytokines suppress the effects of proinflammatory cytokines (IL-12, IL-17, IFN-γ) released from the antigen presenting cells (macrophages and dendritic cells) and sensitized T cells (Th1 and Th17) induced from dysbiosis and/or microbiota-pathogen interactions. SCFA also induces IL-18 expression through inflammasome activation in the intestinal epithelial cells (IECs). IL-18 released from the IECs further triggers activation of the innate lymphoid cells to secrete IL-22 that guides synthesis of antimicrobial peptides and mucin to maintain intestinal homeostasis.Fig. 2Fig. 3Mechanism of the function of gut microbes against inflammatory, metabolic and allergic diseases. Gut microbes confer protection against the physiological abnormalities principally via two different approaches. The gut microbes itself and the metabolites released from the microbes can function separately or together to restore the homeostasis. Short-chain fatty acids (SCFAs) released by the gut bacteria potentially interact with the receptors on the dendritic cells (DCs) resulting in the secretion of anti-inflammatory cytokines that ameliorate or suppress proinflammatory milieu associated with the pathological outcomes of dysbiosis, inflammatory bowel disease, and cancer. SCFA alone and the cytokines released from SCFA-educated DCs inhibit inflammasome activation. Moreover, SCFA sensitized DCs promote the induction and expansion of the anti-inflammatory immune cell types the regulatory T cells (Treg) that regulate the detrimental effects of the proinflammatory cytokines. SCFAs can directly inhibit DC activation and concomitant upregulation of the Th2 responses that subdue the pulmonary inflammation. The Tregs alongside other anti-inflammatory cytokines are also indispensable for preventing the hypersensitivity. Gut microbes potentially prevent the trans-epithelial entry and the translocation of pathogenic microorganisms to prevent a human from systemic inflammation or sepsis. The gut microbes also maintain the normal metabolic activity of the adipocyte by upregulating the browning of white adipose tissue and inhibiting the lipogenesis. In addition, gut microbes block the entry of LPS from pathobionts and inhibit TLR4 activation. This inhibition of TLR4 ceases systemic inflammatory responses and plays a pivotal role to maintain the normal insulin activity required for the metabolic homeostasis in the human host.Fig. 3

3. Mechanism of the function of gut microbiota {#s0035}
==============================================

The gut microbiota can efficiently prevent pathogen infections and overgrowth of harmful pathobionts to reduce the chance of developing inflammatory and infectious diseases [@bb0750]. In homeostatic conditions, a healthy gut microbiota puts the gut mucosal immune system in a challenging situation that is tolerant to the beneficial commensals but prevents the overgrowth of the resident pathogens.

3.1. Physicochemical mechanisms: Human-Gut microbiota interactions {#s0040}
------------------------------------------------------------------

The gut microbiota limits the infectivity of the pathobionts in the gut epithelium by competitive exclusion [@bb0145]. Colonization resistance (CR) is one of the key mechanisms by which the human gut microbiota confers protection to infectious microbes [@bb0150], [@bb0165]. CR is known to be executed via four inter-related mechanisms, viz. \[i\] direct inhibition of the surrounding bacteria by producing toxic metabolites; \[ii\] maintaining the mucus barrier as well as the underlying intestinal epithelium; \[iii\] manipulation of the host's immune responses; \[iv\] competent utilization of available host nutrients [@bb0755]. Out of these, the foremost is the competition for space and nutrients along the mucus layer and within the lumen [@bb0755]. Commensals uptake mucopolysaccharides and limit the expansion of less well-adapted invading microbes [@bb0755]. Metabolites released by the gut microbes also exert potential antimicrobial action [@bb0760]. SCFAs, synthesized by commensal bacteria, possess bactericidal action against some enteric pathogens [@bb0150]. For instance, *Lactobacilli sp.* generates reactive oxygen species to kill the pathogenic microbes [@bb0765]. Numerous commensals produce bacteriocin and bacteriocin-like molecules with different types of antimicrobial properties viz. nucleases (DNases), inhibitors of biosynthesis of cell wall component (eg, peptidoglycan) and pore formers [@bb0770], [@bb0775]. Furthermore, gut microbes exert a different degree of influences over the pathogens and beneficial microbes. Hosts with high *Escherichia coli* densities are more susceptible to *Salmonella enterica* infection, while hosts having high *Lactobacilli* show the reverse [@bb0780]. The molecular relationship between the disease susceptibility and the features of microbial communities leading to the protection against the infectious diseases remains an open question to the scientific communities to date.

Another simple mechanism of antimicrobial protection is the presence of the two-tiered mucus layer, which keeps luminal and mucosal microbes away from the epithelial contact, predominantly in the large intestine [@bb0005], [@bb0785], [@bb0790]. The inner epithelial layer is denser and does not permit any organism while the outer layer is more dynamic and provides glycans as nutrients for the gut organisms [@bb0005]. The mucus layer in the small intestine is discontinuous and inadequate and therefore antimicrobial proteins from the gut microbes play the major role in maintaining gut health [@bb0005]. Especially, the structural components and metabolites are known to induce synthesis of the antimicrobial proteins (AMP) such as cathelicidins, C-type lectins, and (pro) defensins by the host Paneth cells via pattern recognition receptor (PRR)- mediated mechanism [@bb0005], [@bb0795], [@bb0800], [@bb0805]. The membrane-associated TLRs, C-type lectin receptors (CLRs) viz. dectin-1, and the cytosolic nucleotide-binding and oligomerization domains (NOD) like receptors (NLRs) constitute PRR family in the gut [@bb0810]. Moreover, metabolites released from gut microbes can enhance the host's antimicrobial humoral immunity. Lactate from *Lactobacillus* sp. augments the antimicrobial activity of the host lysozyme by disrupting the outer membrane of the bacterial cell wall [@bb0005]. Enteric viruses present in the gut microbiota also exert immunomodulatory effects on the host [@bb0815]. The first evidence on the role of enteric viruses in chronic GIT inflammation came from the studies in mice [@bb0820]. Alike the commensals, gut viruses also exploit TLR3 and TLR7 mediated pathways to confer protection against the inflammatory pathology of colitis and cancer [@bb0825], [@bb0830].

3.2. Manipulation of human immune response {#s0045}
------------------------------------------

Signaling molecules derived from the gut microbiota are critical for the development of the immune system [@bb0835]. Comparative studies on the germ-free animal models [@bb0840], [@bb0845], mice with disrupted microbiota and mice with healthy microbiota clearly revealed the indispensable roles of the gut microbiota in shaping innate and adaptive immunity and maintaining the immune homeostasis in the human [@bb0840], [@bb0845]. The localized immune crosstalk observed between the gut microbiota and local immune cells constitute the first line of interactions behind eliciting the mucosal immune responses [@bb0850], [@bb0855] and these interactions not only regulate the physiological functions of the host but also play a key role in building the protective response against pathogens [@bb0860], [@bb0865].

During a pathogenic infection, gut microbiota promotes the production of IgA that binds to the invading microbes at mucosal surfaces, neutralizes toxins and contributes to the microbial tolerance [@bb0870], [@bb0875]. Besides these, the microbial molecular patterns are recognized by the pattern recognition receptors (PRR) likewise toll-like receptors (TLRs) or nod-like receptors (NLRs) located on the APCs co-evolved with the microbiota and play an important role epithelial cell homeostasis [@bb0880]. The microbiota further contributes in priming the signal of the inflammasome pathway by inducing the transcription of the proinflammatory cytokines viz. tumor necrosis factor (TNF)-α, interleukin (IL)-6, as well as pro-IL-1β and pro-IL-18 that are further converted to their activated forms by proteolytic cleavage [@bb0885]. The gut microbiota modulates functions of the APCs (macrophages and dendritic cells) to protect the host body from pathogenic infections and maintain immune tolerance against gut microbes itself [@bb0835]. For example, dendritic cells (DCs) of Peyer's patches exhibit a high level of IL-10 compared to the splenic DCs under similar conditions [@bb0890]. Neutrophil activity is also influenced by the microbiota as GF rats are mainly neutropenic and characterized by an impairment in the generation of superoxide anion and nitric oxide alongside decreased phagocytic function [@bb0895].

3.3. Microbiota and adaptive immune response {#s0050}
--------------------------------------------

The gut microbiota regulates the polarization of the primary immune signal towards different arms of T cell responses from naïve intestinal CD4^+^T cells [@bb0900], [@bb0905]. Th1 and Th17 polarized cells are critical for the host defense against the invading pathogenic microbes while Th2 cells act against the parasitic infections [@bb0910]. Segmented filamentous bacteria (SFB) adhere to the IEC cells to activate IL-23 pathway leading to IL-22 production by the innate lymphoid cells (ILC3) for inducing a Th17 response to confer protection against bacterial and fungal infections [@bb0915]. On the other side, polysaccharide A from *Bacteroides fragilis* has been found to stimulate the induction of CD25 FoxP3^+^ regulatory T cells (Tregs) via TLR2 activation [@bb0920], [@bb0925]. This Treg response is essential to ameliorate pathological outcomes of the proinflammatory milieu resulted from Th1 and Th17 responses. Moreover, released SCFAs (propionate and butyrate) can potentially suppress the Th1 response by inhibiting the activation of nuclear factor kappa B (NF-κB) to subdue the inflammatory cytokine production [@bb0930]. Amongst the SCFAs, butyratepotentially induces the FoxP3^+^ Treg differentiation [@bb0935]. Furthermore, the SCFAs have been demonstrated to promote mucus production by intestinal goblet cells, induction of secretory IgA and inflammasome activation to result in IL-18 secretion [@bb0940], [@bb0945]. Gut microbe-induced immunomodulation strategies for therapeutic intervention of inflammatory diseases have been presented in [Figs. 2](#f0010){ref-type="fig"} and [3](#f0015){ref-type="fig"}.

4. Gut microbes and infectious diseases {#s0055}
=======================================

The gut microbiota plays a pivotal role in regulating the pathogenesis of infectious micro- and macro-organisms. The relative influence of the gut microbiota against pathogenic infections is not only limited within the gut but also extended to the other parts of the human body. However, the mode of interaction varies with the nature of pathogenic infections. For example, the interaction between the gut microbiota and a bacterial pathogen is different than that of the gut microbiota- parasite interaction.

Gut microbes prevent the growth of the invading gut pathogens largely by competing with space and nutrients available in the gut [@bb0235]. On the other hand, manipulation of the host immunity is another key strategy behind the gut microbiota-induced protection against infectious pathogens within and outside the gut [@bb0235]. Despite the tremendous progress made in gut microbiota research throughout the last decade, the molecular insights of the gut microbiota-mediated regulation of pathogenesis of infectious pathogens are still considered as a shaded area in our understanding. In this section, we have discussed the potential regulatory role of gut microbes in altering the pathogenesis of different infectious diseases.

The gut microbiota explores multiple mechanisms to regulate the infectivity and pathogenesis of several gut pathogens, including bacteria, protozoa, viruses, and parasites. A healthy gut microbiota protects entry (translocation) of the pathogens inside the host body, whereas a leaky gut due to dysbiosis results in the reverse leading to pathogenic outcomes. Gut microbes protect the host from infectious pathogens through the selective inhibition of growth, killing and modulation of the infectivity of the pathogens [@bb0950]. The mechanism of direct inhibition is executed through competition between the gut microbes and invading pathogenic microbes. For example, the virulence and pathogenesis of several protozoan parasites such as *Entamoeba histolytica* [@bb0955], *Giardia* s*p*. [@bb0960], pathogenic bacteria like *Helicobacter pylori* [@bb0060], *Salmonella sp*. and *Enterococcus sp*. [@bb0965] are regulated by the gut microbes principally through direct inhibition. A similar mechanism of protection is also conferred against other enteric infections like rotavirus, Shiga toxin-producing *E. coli* (STEC), enterotoxigenic *E. coli* (ETEC), enteropathogenic *E. coli* (EPEC), *Salmonella enterica* Typhi and *Vibrio cholerae* [@bb0970]. The gut *E. coli* communities inhibit STEC largely by competing with the nutrient source (carbon). Moreover, metabolites released from the gut commensals such as deoxycholic acid (*Clostridium scindens*) and post-translationally modified peptides namely bacteriocins and microcins (*E. coli*, *E. faecalis*) directly inhibit the growth of the enteropathogens [@bb0970]. Gut microbial metabolites can also selectively alter the pathogenicity of infectious microorganisms. For example, *Ruminococcus obeum* releases mutagenic autoinducer (AI)-2 that attenuates expression of the genes encoding the virulence factor of *V. cholerae* [@bb0970]. The bioactive SCFAs (acetate, butyrate, and propionate) from gut microbial (*Lachnospiraceae*) metabolome possess direct influence over the pathogenesis of the enteropathogens such as *Salmonella* through repressing the expression of the virulence genes [@bb0975]. Similarly, the SCFAs secreted from human gut microbes like *Roseburia spp.* and *Bacteroides ovatus* also reported to inhibit the growth and virulence of the opportunistic yeast, *Candida albicans* through triggering the TOR signaling pathway [@bb0980].

Intriguingly, the gut microbiota and their metabolites can regulate several other pathogens infecting distantly from the gut. Pathogenesis of *Trichomonas vaginalis*, a major vaginal pathogen, and its endosymbiont *Mycoplasma hominis* has been reported to be regulated by the gut microbial composition [@bb0985], [@bb0990]. Interestingly, recent studies conducted on mouse models suggested that the composition of the gut microbiota modulates the host's susceptibility to several enteropathogens [@bb0670], [@bb0950].

Gut microbes, largely the commensal bacteria, exert multiple facets of regulation to modulate and shape the anti-pathogen host immunity as well as for facilitating their own survival and fitness. SCFAs, specifically butyrate drives polarization of the host macrophages typically towards M2 via activation of H3K9 acetylation to promote STAT-6 mediated transcription [@bb0995]. M2 macrophages reduce the inflammatory pathology resulting from the host-pathogen interaction and facilitate the repair of damaged tissues [@bb0995], [@bb1000]. The commensal community controls pathogens beyond the gut through modulating the adaptive immunity specifically augmenting the differentiation of T cell subsets not only through self-/non-self-recognition processes but also directly educating them to induce anti-infectious immunity [@bb1005], [@bb1010]. The commensal bacteria also induce a low degree of IgA response to establish a noninflammatory gut environment essential for maintaining the normal physiological processes regulated by the host-gut microbiota relationship [@bb1015]. In addition, gut bacteria also enhance specific antimicrobial response. *Bacteroides thetaiotaomicron* induces synthesis of the antibacterial peptides namely angiogenins (Human angiogenin (Ang), Ang1 and Ang4 in mouse) that selectively act on the pathogenic microbes [@bb1020]. Moreover, metabolites secreted from gut commensals simultaneously induce a selective lethal response to invading pathogens and also promote regulatory responses to protect beneficial microbes in the gut [@bb1025]. For example, the polysaccharide A (PSA) produced by *Bacteroides fragilis* provides protection from inflammation resulted from *Helicobacter hepaticus* infection [@bb1025]. The PSA sensitizes DCs to prime T cell responses by presenting PSA on the MHC class II to CD4^+^ T helper (Th) cells for inducing an anti-inflammatory response (IL-10) that inhibits pro-inflammatory cytokines (IL-17, IL-23, and TNF-α) to suppress *H. hepaticus* induced immunopathology [@bb1025]. Intriguingly, such IL-10 producing T cells are the Foxp3^+^ Tregs commonly referred to as "inducible Tregs" [@bb1025].

Recent experimental investigations revealed exciting results in favor of adopting the microbiota-based strategy as a future therapeutic option for treating the life-threatening infectious diseases viz. tuberculosis, malaria, HIV through microbiota-based solutions [@bb0970]. Administration of the engineered *Lactobacillus* isolates (*L. jensenii, L. casei*, *L. reuteri*) expressing anti-HIV proteins found efficacious in inhibiting the HIV infection in *in vitro* cell culture models [@bb1030], [@bb1035]. Although several medications are available for tuberculosis and malaria, due to the several failures viz. the emergence of resistant strains and the lack of personalized treatment, the gut microbiota-based treatment is now considered as an effective approach. Considering the regulatory role of the gut microbiota on host immunity for maintaining the pulmonary physiology (lung-gut axis), prompted the use of the gut microbes and/or probiotics-based therapy for treating tuberculosis (TB) [@bb1040]. Gut microbes confer protection to TB by enhancing the synthesis of the antimicrobial components by *Prevotella* and *Veillonella* in the lungs and by inducing the pro-inflammatory response in the pulmonary lymphocytes [@bb1045]. However, dysfunction of the gut microbiota could cause an abundance of anaerobes (*Prevotella*, *Veillonella*, and *Haemophilus*) in the lung which in turn results in the risk of *M. tuberculosis* infection in the humans by lowering TH1 and TH17 responses [@bb0970]. On the other hand, an understanding of gut microbiota-induced protection against malaria is relatively poor. It has been postulated that gut bacteria (*Bifidobacteria* and *Lactobacillus*) can efficiently regulate the pathogenesis of the malarial parasite by modulating the anti-malarial immunity of the host [@bb1050]. Induction of anti-α-gal antibodies by a gut pathobiont *E. coli* O86:B7 has been reported to cross-react with the sporozoites of human and rodent *Plasmodium* spp. and result in the impairment in the transmission of the parasites between the vector and the vertebrate host [@bb1055]. However, it remains unclear how the gut microbiota regulates the pathogenesis of *Plasmodium* during cerebral malaria. But the widely accepted fact is that a change in the gut microbiota increases the risk of the malarial infection [@bb0970], [@bb1050], [@bb1060], [@bb1065]. The current scenarios of malarial research have demonstrated the complication in the disease pathology due to the parasitic co-infections existing with malaria [@bb1070]. Intriguingly, mild treatment with antibiotics followed by a probiotic supplementation through the diet displayed a reduction in the parasite burden and in the disease severity [@bb1050]. *Toxoplasma gondii*, a gut pathogenic protozoan, alters the gut microbial composition by increasing the Gram-negative commensals such as *Enterobacteria*, *Bacteroides* and *Prevotella sp* [@bb1075]. *T. gondii* was also found to exist as a co-infection in the malarial subjects and regulate the pathological manifestation of malaria [@bb1080]. Therefore, the *T. gondii* co-infection could be responsible for the alteration of the gut microbial composition in malaria and this may have a connection with the malarial pathogenesis. However, this postulation still remains an open question in the scientific community. Gut microflora can protect the host from inflammatory damages due to *T. gondii* driven hyperactivation of the DCs, over secretion of the pro-inflammatory cytokines (IL-12, IFN-γ) and TLR activation [@bb1085]. Different gut bacteria viz. *Clostridia*, *Bacteroides*, *Lactobacillus*, *Campylobacter*, *Eubacterium*, *Bifidobacterium* and segmented filamentous bacteria also provide a similar kind of protection to the other parasitic protozoa such as *E. histolytica*, *Cryptosporidium parvum* and *Giardia spp* that infect human host through the gut [@bb1090]. Perturbation of the gut microbiota displaying an abundance of the pathobiont *Prevotella copri* and induction of inflammation are considered as the cardinal markers of *E. histolytica* infection [@bb1095]. Dietary supplementation of the probiotic bacteria like *Lactobacillus acidophilus*, *Lactobacillus johnsonii,* and *Lactobacillus casei* showed potential in restoring gut function by stimulating the mucosal and humoral immune responses to eliminate the enteropathogens [@bb1090].

On the other hand, the protective effects of the gut virome have been recently reported in the case of patients with *Clostridium difficile* infection [@bb1055], [@bb1100]. The marked abundance of the certain microbial genes in the study cohorts suggests that the viruses may have a regulatory role in different diseases such as diarrhea and pneumonitis [@bb0050], [@bb1105], [@bb1110]. The metagenomic evidence on the abundance of *Adenoviridae* and *Picornaviridae*in the stool samples of children with diarrhea indicated a clear involvement of the gut virome [@bb1105]. An interesting study by Kernbauer et al, [@bb1115] demonstrated that murine norovirus (MNV), an enteric RNA virus is capable of replacing the beneficial functions of the commensal bacteria in the intestine, can support the intestinal homeostasis and can regulate the mucosal immune response likewise the commensals. Apart from the viruses present in the gut, the intestinal bacteriophages have also been taken under consideration [@bb1120]. Lim et al. [@bb1125] have studied that *Siphoviridae* and *Anelloviridae* are prevalent in the early life but gradually decrease with age while *Microviridae* gradually increases with the age. In addition to metabolic disorders and cardiovascular disease, changes in the virome community are often associated with several infectious and autoimmune diseases [@bb1130], [@bb1135]. Human stool derived phage-based therapies are emerging as new hopes for preventing the pathogenesis of multi-drug resistant *Enterobacteria* [@bb1140], and, burn wound-causing *Escherichia coli* and *Pseudomonas aeruginosa* [@bb1145]. This target specificity of phages provides the opportunity for treating specific bacterial pathogen/community.

Apart from pathogenic microorganisms, the gut microbiota also controls the macro-parasite loads in the human gut and also invading pathogenic parasites. Helminths and bacteria are the co-habitants in the human intestine and interact with each other. These interactions not only maintain the gut homeostasis but also inhibit the pathogenic functions of each other. The gut microbiota potentially modulates the pathogenesis of soil-transmitted helminthiasis (STH), a debilitating problem in the developing countries [@bb1150]. Comparative studies in GF model, gut microbes especially *Lactobacillus sp.* has been demonstrated for inhibiting the infection and/or reducing the burden of *Trichuris muris*, *Heligmosomoides polygyrus/ bakeri*/*Nematospiroides dubius*, *Nippostrongylus brasiliensis*, *Trichinella spiralis* and *Ascaridia spp.* whilst *Bifidobacterium animalis* found conferring protection against *Strongyloides venezuelensis* (reviewed in [@bb1150]). Interestingly, immunopathological outcomes associated with some ofthe intestinal parasitic infections, likewise in the case of *Schistosoma mansoni* (a trematode), are promoted by the gut microbiota [@bb1155]. However, many of these parasites play essential roles to inhibit the hypersensitivity in the human. Therefore, the intriguing question is whether the reduction of the eukaryotic parasite load could lead to the increase of autoimmune responses or not. Recent progress has also indicated the possible significance of gut microbial action over the devastating parasitic diseases viz. malaria, filariasis as well as other parasitic infections which need to be addressed in the near future. The role of gut microbes in regulating pathogenic infections has been demonstrated in [Figs. 4](#f0020){ref-type="fig"} and [5](#f0025){ref-type="fig"} .Fig. 4Mechanism of gut microbiota induced protection against the microbial infections. The gut microbes exert a protective action on the microbial infections by direct inhibition, competition with nutrient and inducing antimicrobial immunity. The antimicrobial immune response comprises excess mucus secretion from goblet cells, synthesis of antimicrobial peptides and induction of pro-inflammatory response. The gut microbes trigger the Paneath cells to secrete antimicrobial peptides that control the growth of pathogenic microorganisms. Moreover, the gut microbes also result in the copious production of mucosal IgA to act against the pathobionts especially by blocking their adherence to the intestinal epithelium. Polysaccharide A (PSA) from gut bacteria sensitizes the DCs via TLR2 activation and subsequently stimulates the induction of Tregs. Anti-inflammatory cytokines secreted from the PSA-educated DCs also inhibit the immunopathological effects of the proinflammatory cytokines secreted in response to the various infectious agents. On other side, gut microbes efficiently induce and shape the host immunity against the invading pathogens by directly activating the proinflammatory T cell responses (TH1 and TH17) through the activation of antigen presenting cells (macrophages and DCs). The gut microbes, especially the commensals, restrict the entry of gut pathogens through the formation of mucosal barrier and prevent the bacterial translocation in the circulation.Fig. 4Fig. 5Mechanism of the gut microbe induced protection against the parasitic infections. The gut microbes release short-chain fatty acids (such as butyrate) that block polarization of the M1 macrophages and activation of the DCs to suppress the overt immunopathology associated with the different parasitic infections (Malaria, *Giardia*, *Entamoeba,* and *Toxoplasma*). Multicellular parasites in the gut, especially the gut helminths, also drive Th2 response to strengthen the anti-inflammatory responses and reduction of tissue damage. A healthy gut microbiota directs the major antigen presenting cells (APCs) to secrete anti-inflammatory cytokines that suppress immunopathogenesis associated with the different parasitic infections (Malaria, *Toxoplasma*, *Giardia, Entamoeba,* and helminths). The exact role of the gut microbiome in the control of multicellular parasitic infection is yet not clear. However, APC activation leading to the secretion of proinflammatory cytokines is considered one of the key mechanisms to inhibit the pathogenesis of multicellular parasites.Fig. 5

5. Gut microbes as therapeutics: Current trends of using gut microbes, prospects and challenges {#s0060}
===============================================================================================

The recent advancements in exploring the therapeutic possibility of gut microbes in treating inflammatory and infectious diseases have suggested that most of the human diseases discussed in earlier sections are due to the breakdown of the normal microflora and therefore, reconstruction of the microbial community through the administration of appropriate microbes is now considering as an effective mean [@bb1160]. In this context, development of the advanced tools and techniques played a major part.

5.1. Molecular approaches in gut microbiota research {#s0065}
----------------------------------------------------

The molecular identification and phylogenetic analyses through the sequencing of the bacterial 16S rDNA and internal transcribed spacer region 2 (ITS2) of the fungal 26S rDNA are commonly used for studying the human gut microbiome [@bb0235], [@bb1165], [@bb1170]. Shotgun sequencing of the microbial metagenomes and metatranscriptomes from fecal material and/or biopsy are particularly used for determining personalized and community-based variation amongst gut microbiomes [@bb0235], [@bb1165], [@bb1170]. The metabolomic profiling and metaproteomic studies through mass spectrometric analysis and nuclear magnetic resonance spectroscopic studies have provided additional advantages in investigating changes in the gut microbiota especially in pathogenic/diseased conditions [@bb0235], [@bb1165], [@bb1170]. The characterization of the gut virome showed a dearth of 16S or 18S rRNA genes, thus the empirical metataxonomic approaches to characterize virus-like particles (VLPs) is dependent on the isolation and sequencing of DNA from VLPs along with the classical techniques like microscopy and cultivation [@bb1175]. The gut-associated phages are isolated directly from the human microbiota rather being isolated from the sewage or water sources [@bb1130] for proper characterization, which will surely play a promising role in improving the knowledge on the gut virome and will serve as a key for the metagenomic studies that will further furnish the idea about the influence of the phages on the human gut. Lately, the Virome Capture Sequencing platform for Vertebrate viruses (VirCapSeq-VERT) system has been introduced to study the viruses in the clinical settings [@bb1180]. Furthermore, the metagenomic analysis that collects different gene sequences from the genetic materials from the human gut is potent enough to classify the viral families, taxa and generato serve as a better alternative to the professional perspectives of microbiologists and translational researchers in the study of gut virome [@bb0050]. The tool protects against contamination or other confounding factors that occur during culturing of viruses [@bb1185]. The integration of the modern applications to assess the microbiota in the preclinical and clinical studies will help to clarify this complex interplay and yield promise to identify the novel treatments for beneficial modulation of the gut microbiota for improving metabolic health.

5.2. Gut microbes as therapeutics {#s0070}
---------------------------------

Most of the studies conducted so far have demonstrated that gut microbes exert their effects on the host through regulating their physiology, metabolic and immunological processes [@bb0330], [@bb0685], [@bb0950]. In particular, the indispensable contributions of gut microbes in ameliorating inflammation found in the aforementioned studies using experimental animal models [@bb0235], [@bb1190] and/or human based data [@bb0035], [@bb1195] clearly revealed the utility of gut microbes as a future medicine for treating the diseases resulting from inflammation [@bb0235]. Anti-inflammatory roles of the gut microbiota have shown promising results in treating colorectal cancer [@bb1200], [@bb1205], [@bb1210], ulcers [@bb1215], [@bb1220] and chemical-induced damages in the small intestine [@bb1225], [@bb1230]. Modulation of the gut microbiota can be efficiently used to manage several gastrointestinal disorders [@bb1235]. Different potential strategies viz. administration of fecal microbiota and treatment with probiotics are now being developed for modulating the gut microbiota for the therapeutic purposes. Manipulation of the microbiota through fecal microbiota transplantation (FMT) is now a widespread treatment option for treating the aforesaid ailments along with infectious and inflammatory disorders [@bb1240]. Several trials on the administration of fecal materials containing the distal gut microbiota from a healthy person to a subject having an altered gut microbiota have shown promises, especially in re-establishing the microbial consortium after dysbiosis [@bb0410], [@bb1245]. FMT has been successful in combating the *Clostridium difficile* infection (CDI) and IBD [@bb1235] by supplementing the microbiota instability through enhancing the abundance of *Firmicutes* and reducing *Actinobacteria* and *Enterobacteriaceae* as well as reducing inflammatory responses [@bb1250]. However, a mechanistic exploration is necessary to optimize and improve the applicability of the FMT to treat microbiota associated human diseases beyond IBD and CDI [@bb1250]. A recent investigation revealed that gut microbiota can efficiently prevent non-steroidal anti-inflammatory drugs (NSAIDs)-induced ulcers and erosions in the small intestine [@bb1255]. Similarly, understandings on the crosstalk amongst the gut microbes, barrier function, and the inflammatory responses have provided novel dimensions in targeting the pathology of colorectal cancer and colitis-associated cancer [@bb0590], [@bb1200].

Microbial amelioration of the allergic and autoimmune responses is considered as an important finding in the field of gut microbiota research [@bb0835]. The investigation on the experimental colonization of the GF mice with the gut microbiota was found sufficient in protecting the mice from the allergic inflammation in the lungs in early life, however, allergic airway inflammation (AAI) persisted in mice during the adult stage [@bb1260], [@bb1265]. The efficacy of the gut microbiota during early life colonization in the host is exerted through the inhibition of the serum IgE responses [@bb0235], [@bb1270] that eventually confer protection against the sensitization to the food allergens [@bb1275]. Oral supplementation with *Lactobacillus* probiotic has been shown as a promising mean to accelerate the tolerance to cow's milk in the infants having cow's milk allergy [@bb1280]. In fact, the *Lactobacillus* treatment is also effective in restoring the normal levels of the fecal butyrate-producing bacteria and butyrate in the allergic subjects [@bb1280]. Previously, a study by Gaudreau et al. [@bb1285] indicated that the gut immune system may play a key role in the initiation and progression of the systemic lupus erythematosus (SLE) and the related gender bias responses. However, the underlying mechanistic insight of the differences in the composition and function of the gut microbiota of the males and the females influencing the functions of hormones and shaping the immune responses are yet unknown.

The gut microbiota exerts a substantial effect on the metabolic abnormalities by influencing the efficiency of energy harvest and storage, low-grade inflammation and browning of adipose tissue [@bb0235], [@bb1290]. Notably, beyond gut microbes, human lifestyle factors such as energy intake and expenditure as well as the genetic determinants are also considered as key risk factors for these metabolic abnormalities [@bb0235]. Studies on this complex interplay of all these factors including the gut microbiota might be the strategy to understand the disease pathology. In recent times, the intestinal SCFA-binding receptors, particularly the G-protein-coupled receptors (GPRs) like GPR41, GPR43, GPR109a and GPR119 [@bb1295], [@bb1300], [@bb1305], have been emphasized for their potential as future therapeutic targets for the various inflammatory disorders, obesity, and cancer [@bb1310]. These receptors are activated by the SCFAs (propionate, acetate, butyrate, valerate, formate) prepared by the gut microbes [@bb1310] and induces M2 polarization of the macrophages that indeed regulate the immune surveillance during dysbiosis [@bb1315]. Therefore, selective targeting of the GPRs with the microbial metabolites through the administration of the probiotics could be an efficacious choice of treating human diseases by modulating mucosal immunity [@bb1000], [@bb1160]. Recently a study by Cohen et al. [@bb1320] demonstrated the presence of a family of genes coding for the enzymes driving the biosynthesis of N-acyl amides which act as a ligand for the human intestinal GPR119 to modulate the metabolic tone by influencing the levels of blood glucose and metabolic hormones. In light of high rates of childhood obesity, pre- and probiotics have been documented as the potential therapeutic options to prevent obesity in the children from overweight and obese mother by restoring the energy homeostasis [@bb1325], [@bb1330]. Such pre- and probiotic treatments have been found to be promoted by the low dose antibiotics that shift the taxonomic composition towards an increased *Firmicutes* to *Bacteroides* ratio without affecting the healthy microbial consortium [@bb1335], [@bb1340]. Probiotics are microbes that confer beneficial health outcomes for the host [@bb1345]. Twenty-two probiotics are currently in use as living drugs and exert effects on the epigenetic alterations. On the other hand, antibiotics can significantly change the intestinal microbiome of an individual and consequently affect the corresponding metagenome [@bb1350]. Antibiotics are efficacious as they prevent the growth of noxious microbes or kill them and these actions are necessary to treat the bacterial/viral/protozoan infections that cannot be cured by other means [@bb1355]. However, the common consumption of the antibiotics during medication especially those with broad-spectrum activities caused perturbation of the human microbiota to undertake considerable changes in their therapeutic potential as well as biochemical adaptation [@bb0675], [@bb0680]. In this regard, resistance to the antimicrobials is the most vulnerable outcome associated with antibiotic consumption in humans [@bb1305], [@bb1310]. Antibiotic resistance is responsible for the three fundamental outcomes: \[i\] inactivation of enzyme production, \[ii\] a change of the target site, and \[iii\] antibiotic exclusion from the natural target site (e.g. vancomycin against Gram-negative organisms) [@bb1360]. Modern age antibiotics for promoting growth and protection of the crops can cause resistance elements to appear in saprophytic bacteria and these resistance mechanisms may transform human bacteria to yield pathogenic effects when the crops are eaten [@bb1365]. Resistant microorganisms transferred from one person to another remain resistant and can further promote emergence of the multidrug-resistant microbes [@bb1370], [@bb1375]. Therefore, microbial resistance to available antibiotics has come out as a major public-health threat to date. Considering the alarming stipulation, the combinatorial treatment comprising antibiotics along with the pre- and probiotics have come out as an effective option in restoring the healthy gut microbiota in the disease condition, especially against the increasing number of emerging infections around the globe. Probiotics efficiently aid the naturally occurring gut microbiota. Recent studies have demonstrated the therapeutic efficacy of the conventional and new age probiotics. The probiotics are also implemented to stop the Antibiotic Associated Disease (AAD). A meta-analysis of the probiotics in controlling AAD through nine controlled trials showed that both *Lactobacilli sp*. and *Saccharomyces boulardii* can reduce the risk of AAD from 28.5 to 11.9% especially in children [@bb1380], [@bb1385]. The administration of the probiotics can efficiently prevent diarrhea commonly occur after the antibiotic treatment [@bb1390]. A sustained probiotic treatment on various gastrointestinal and extraintestinal disorders such as irritable bowel syndrome [@bb1395]; vaginal infections [@bb1400], [@bb1405]; inflammatory bowel disease [@bb1410] and immune enhancement [@bb1415] are in practice worldwide. Interestingly, the different probiotic treatment studies conducted on human and other animal models showed satisfactory results in reducing the burden of protozoan and helminths without producing any health hazard [@bb1420]. Probiotics have also been evidenced to reduce the risk of colon cancer by destroying the activity of the particular bacterial enzymes involved in raising the levels of pro-carcinogens [@bb1425]. Although rare, the administration of probiotics may pose adverse effects sometimes out of which majority of complications occur only in the severely immune-compromised subjects or in the patients with other life-threatening illness managed in the intensive-care areas [@bb1430]. Thus, the therapeutic applicability of the probiotics in the immune-competent subjects seems to be safe but their use in the prevention of AAD in the immune-compromised patients is yet to be tested [@bb1435], [@bb1440]. The promising probiotics used in controlling parasitic infections of human have been shown in [Table 2](#t0010){ref-type="table"} .Table 2Gut microbes and probiotics in controlling parasitic infectionsTable 2ParasiteGut microbe/ProbioticReferences*Plasmodium spEschereria coli* O86:B7[@bb1065]*Giardia lambiaLactobacillus johnsonii* La1\
*Lactobacillus casei* MTCC 1423\
*Enterococcus faecium* SF68[@bb1445], [@bb1450], [@bb1455]*Ascaris suumBifidobacterium lactis*[@bb1420], [@bb1460]*Babesia microtiLactobacillus casei* ATCC7469[@bb1420], [@bb1465]*Cryptosporidium parvumLactobacillus reuteri* 4000, 4020\
*Lactobacillus acidophilus* NCFM\
*Lactobacillus rhamnosus* GG\
*Lactobacillus casei shirota*[@bb1420], [@bb1470], [@bb1475], [@bb1480]*Schistosoma mansoniZymomonas mobilis*[@bb1420], [@bb1485]*Toxocara canisEnterococcus faecalis* CECT7121[@bb1420], [@bb1490]*Trichinella spiralisLactobacillus casei* ATCC7469[@bb1420], [@bb1495]*Trypanosoma cruziLactobacillus casei* ATCC7469[@bb1420], [@bb1500]

Besides the prebiotics and probiotics, synbiotics can also be an efficient approach in the gut microbiota targeted therapy. Synbiotic interventions involve administration of new microbe(s) in a consortium along with providing an ample amount of specific substrate to facilitate the growth of a new community for the beneficial outcomes [@bb1340]. The application of small molecule inhibitors designed against the specific microbial metabolic activities, especially the rate-limiting enzymes of different metabolic pathways is considered advantageous in protecting the invading organisms in the gut microbiota [@bb1505]. In particular, small molecules have been found to inhibit the bacterial β-glucuronidase enzyme that plays a crucial role in metabolizing the glucuronide drug-conjugates induced by host metabolism. This intervention strategy found effective in preventing the toxicity of irinotecan (an anticancer drug) in mice [@bb1510]. Recently, perturbation of gutmicrobial communities through the synbiotic approach by providing *Lactobacillus plantarum* (probiotic) in combination with the fructo-oligosaccharide (prebiotic) reduced the number of newborn deaths caused by sepsis [@bb1515]. The mechanism of protection involves restoration of gut epithelial barrier function through upregulating mucus production and inducing host immunity leading to the secretion of antimicrobial peptide and inhibiting pathogen translocation [@bb1520].

Genetically engineered microbes can confer selective protection to a number of pathogenic infections. In recent years, genetically engineered *Escherichia coli* Nissle with N-acylhomoserinelactone has been found effective in preventing *Pseudomonas aeruginosa* infection by inducing lysis through secreting the anti-*P. aeruginosa* toxin [@bb1525]. This approach seems to be effective for other diseases too. For example, the pathogenesis of *E. histolytica* is linked with *Escherichia coli* or *Shigella dysenteriae* [@bb0955] and therefore engineered microbes lacking the virulence promoting gene could effectively treat the amoebiasis. Interestingly, new age gut microbiota research has shown the promise of personalized utilization of the human gut microbes as pharmabiotics ("bugs to drugs") [@bb0020], [@bb1525], [@bb1530]. Although studied less, but considering the increased interest exploring the gut phages, it is expected that trials on using the gut phages for controlling the pathogenesis of pathogenic bacteria to treat gut infections as well as cancer will definitely provide a new hope.

6. Conclusion and future directions {#s0075}
===================================

Research on gut microbes provide evidence that the gut microbiota is essentially another organ that plays a vital role in human physiology and disease. Co-existence of the microbiota within humans throughout the lifespan and crosstalk between the two have prompted basic researchers to understand the biology of host-microbe interactions and to investigate the underlying mechanisms of the functions of the human microbiota in order to manipulate and use these microbes to improve human health. Recent research findings on the human gut microbiota revealed the crucial contribution of gut microbes in human physiology and therapeutic potential in treating the health problems. In particular, progress in understanding the complex interplay between the gut microbial composition and the host immune responses has demonstrated that microbes are indispensable for maintaining the immuno-homeostasis in the host and disease outcomes. In this review article, we have discussed the correlation between alterations in human gut microbial composition and the outcome of inflammatory and infectious diseases. Therefore, the targeted modulation of the gut microbiota is now becoming a powerful strategy in anti-inflammatory and anti-infectious disease therapies. Therapeutic intervention strategies involving the gut microbiota have now been implicated using several approaches, including antibiotics, probiotics, postbiotics and FMT. Especially the dietary consumption or administration of the probiotics can modulate the intestinal microbial composition by increasing the abundance of the beneficial microbial load that functions as an excellent means of remediation and deterrence against a variety of intestinal disorders and infections. Moreover, the co-administration of the nutraceuticals (chemical entity having nutritional and therapeutic properties) could act in synergy for re-establishing the functional gut microbiota. The advances in current experimental models and methods allow us to obtain the scientific understanding of the interplay amongst the gut microbiota, barrier function, and host responses. These insights will lead to uncovering new therapeutic targets in complex human diseases including cancer. Despite these gains, many challenges lie ahead that make it difficult to close the gap between the basic sciences and clinical applications. Identification of the components of the microbiota and elucidation of the mechanisms of their action in inducing the pathological changes or exerting the beneficial effects along with disease-protective activities could aid in our ability to influence the composition of the microbiota. Particularly the recent understanding of the immense importance of the gut microbiota in controlling the pathogenic infections in insect model paved the way for investigating the molecular insights of the gut microbiota induced protection against human infectious diseases. Thus, the suitable exploration of the beneficial gut microbes and their mode of function could guide us in combating the more complex diseases. However, the 'bench to bed' translation of the research findings through the clinical trials should be aimed to check the potency of a specific microbe or microbial consortium in therapy against a particular disease. The success of these approaches will direct future scientists or physicians to adopt gut microbiome-based strategies for the diagnosis, therapy, and prevention of the infectious and inflammatory diseases of humans in the near future.
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